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In this thesis, three types of magnetic films with different permeabilities and resistivities are studied 
in terms of magnetic shielding effectiveness, conductive noise suppression, and crosstalk. The 
experiment is based on a proposed method, which involves microstrip lines covered by magnetic 
films. The results of magnetic shielding effectiveness, conductive loss, and crosstalk obtained for 
both measurement and simulation are in agreement.  
Based on the variability of the simulator, the contributions of permeability and resistivity are 
separately confirmed. The results show that the frequency of maximum shielding corresponds to the 
ferromagnetic resonance (FMR) frequency of the magnetic film, while permeance and sheet 
resistance dominates the value of the shielding effect at FMR frequency. Doubling the value of 
permeability or halving resistivity leads to the improvement of the maximum shielding effect by about 
3 dB. 
Conversely, the crosstalk suppression brought about by the magnetic film was confirmed. The 
crosstalk suppression at a particular frequency can be attributed to ferromagnetic resonance. In 
addition, the distribution of magnetic flux density inside the magnetic film when placed on a 
microstrip line is clarified by formula calculation and simulation. This may help the quantitative study 
of crosstalk influence and equivalent circuit analysis.  
The proposed study will boost development related to the mechanism study of magnetic film-type 
noise suppressors. Moreover, it can support the design guidelines of magnetic film-type noise 
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Chapter 1             
Introduction   
1.1 Overview  
The world of Internet of Things (IoT) is experiencing an explosive phenomenon with 
more than 75 million devices predicted to join in the IoT team by 2025 [1].  
IoT is defined as the network of physical items that is growing rapidly based on the 
development of internet, electronics, sensors, and other technologies. The challenges that 
IoT faces include data managing, connection reliability, data security etc. [2]. Among 
these, as with the new definition of More than Moore [3], integrated circuits (ICs) of 
electrical devices are required to possess high-speed data processing, low power 
consumption, high integration, and multifunctionality. The transistors with smaller gate 
lengths in RF/mixed-signal system-on-chips (SoCs) lead to increased integration and thus 
higher efficiency [4]. For example the frequency band of a telecommunication system 
grows from 900 MHz (2nd generation GSM) to 2600 MHz (4th generation 3GPP), which 
portrays an urgent demand in the transmission capacity. High integration, broad 
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However, this next generation technologies will certainly hamper the safety of 
electromagnetic interference (EMI) of IC chips. The high order harmonics from multiple 
clock frequencies in digital circuits interfere with the signal sensitivity of analog circuits' 
receiver circuit chain. Additionally, the near field electromagnetic emission should be 
carefully considered in the 3D IC chip package design [4][5]. As shown in Fig. 1.1., 
inductive and conductive couplings between the digital circuit and analog circuit parts are 
serious problems. Therefore, countermeasures are critically necessary.  
The narrow gate length of transistors was improved to less than 10 nm in 2017 and is 
expected to decrease further in the future [73]. In the standard of IMT-2020, the 
throughput of 5th G exceeds 10 Gbps per connection, which is 100 times that of the 4th G 
[7][64]. Therefore, with future improvements, systems possessing finer CMOS 
technology, closer distances, and varying clock frequencies to maintain vast baseband 
digital signal processing will increase, thereby causing a potentially serious problem with 
the failure of signal receiving and transfer [8]-[10].  
Inductive coupling generated by magnetic flux, along with resistive and capacitive 
coupling generated by conduction and displacement currents are seriously affecting the 
electromagnetic compatibility of IC chips.  
There are three types of noise coupling paths in an IC chip: inductive coupling, 
capacitive coupling, and resistive coupling. The inductive coupling is based on magnetic 
flux, which is generated from currents and radiates throughout the surrounding space. 
Resistive coupling is based on conduction current and generated through the silicon 
substrate. Capacitive coupling is based on displacement current, which is generated 
between adjacent conductors. Both resistive and capacitive coupling mainly belong to 
substrate coupling. They are studied by electromagnetic compatibility (EMC) models 
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experiments and simulations [11]-[13].  
The countermeasures for such electromagnetic interferences are described as follows 
[14]-[20],  
(1) circuit technologies, such as clock frequency selection for harmonics management,  
(2) layout design technologies, such as IPs, wire routing, and metallic guard bands, 
(3) physical process technologies, such as SOI, triple-well, and high-resistivity 
substrate, 
(4) device technologies, such as shielding-type cover, filter.   
Among them, the shielding-type cover with a noise suppression function without 
increasing any footprints on the chip compared to the layout design is proposed. It is 
beneficial to apply it without increasing the plane area of the chip as it can provide 
appropriate magnetic shielding and electromagnetic wave absorption. Furthermore, the 
shielding-type covers have the advantages of lightweight, flexibility [47], and high 
strength [70], and these properties are required in high-density ICs as well. However, the 
high requirements of fabrication quality makes it has a high cost and complex machining 
process especially for carbon based shielding-type covers [71], and additionally the 
material source is limited in the aspect of metal based shielding-type covers. These 
difficulties need to be overcome for commercial application of shielding-type cover.   
1.2 Shielding-type noise suppressor    
  The shielding-type noise suppressors with different materials and structures are widely 
studied in ultra/super high frequency range, from 0.1 GHz to 30 GHz, as shown in Fig. 
1.3. (1) Magnetic based, synthetic fiber, multi-walled carbon nanotube (MWCNT) [21]-
[25] et al. are mainly applied in L, S, and C bands that are occupied for mobile and 
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wireless communications (such as 4th and 5th generation and blue tooth tech.). (2) 
MXenes, reduced graphene oxide (rGO) based material, and graphite [26]-[31] are mainly 
applied in X and Ku bands that are occupied by radar and meteorological satellites. (3) 
Graphene, pyrolytic carbon [32][33] et al. are mainly applied in K and Ka bands that are 
occupied by communication satellites. Detailed information related to several shielding-
type noise suppressors is listed in Table 1. There are mainly seven types of shielding-type 
noise suppressors with different materials that can provide magnetic shielding and/or 
absorption effects. 
(1) Graphene and rGO, which are fabricated as 2-dimension structures based on carbon 
atoms, are attracting great attention in the field of EMI shielding. Most graphene and 
rGO films are applied in the X band, which is 8.2–12.4 GHz wide. Graphene is 
reported to be thinner (μm) than rGO (mm) and has a certain characteristics of wave 
absorption. rGO provides good EMI shielding with its great wave absorption 
capability.  
(2) Graphite has been used for EMI shielding since the 1990s owing to its good resistance 
to corrosion, low-cost, and easy fabrication. It has a wide range of applications in the 
frequencies from MHz to GHz. Graphite is more simple than graphene and has a 
better design freedom, whereas its thickness (~ mm) is considered as an obstacle for 
future EMI works on IC chips.    
(3) Carbon nanotube and carbon fibers are mainly used in the X band, and have 
thicknesses lesser than 5 mm. Compared to the metal, they have better electrical and 
mechanical properties such as high conductivity, flexibility, and lightweight. Among 
them, H. M. Kim’s MWCNT/PMMA is thinner than others (0.06–0.165 mm), and is 
applied in a lower frequency range (0.05–13.5 GHz) [47].  
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(4) MXene was studied first in 2011 [56] as a new graphene-like 2-D inorganic 
compounds, which has good conductivity and high capacitance. It has been reported 
early for use in energy storage devices [57] [58]. F. Shahzad [18] first investigated 
MXene-SA composites with regards to its EMI shielding property. This material 
possesses great EMI shielding effect with lower thickness (~ μm) compared to other 
shielding carbon materials.   
(5) Metamaterials (MMs) that are used as shielding-type noise suppressors are based on 
different shapes/structures of copper, aiming to manipulate resonance in 𝜀 and 𝜇. At 
the resonance frequency, the absorption of magnetic field is maximum. This kind of 
material is advantageous in having narrow absorption bands, controllable and multi-
frequency bands. Although the average absorption efficiency is larger than that of 
magnetic films, it is affected by the incident angle of the waves. The thickness of 
metamaterials is not an advantage and the absorption wavelength is mainly decided 
by the size.   
(6) Magnetic based materials are proposed with high permeability and conductivity. 
Most of them are anisotropic and soft magnets. They are reported to possess good 
EMI shielding as well as good wave absorption properties. They have a thickness of 
only a few microns. The details will be discussed in the next section.  
1.3 Magnetic film-type noise suppressor    
The magnetic material based films are proposed to be as follows,  
(1) Thin/lightweight. The thickness of a fabricated magnetic film is only a few microns 
(including single-layered and multi-layered). The total thickness of magnetic film is 



































    








































































































































































































































(2) Frequency-selective. The magnetic film has a complex frequency dependent relative 
permeability 𝜇 = 𝜇 − 𝑗𝜇   as shown in Fig. 1.2. The imaginary part of the 
permeability causes magnetic loss with electrical wave absorption. In the frequency 
of ferromagnetic resonance (FMR), the real part of permeability 𝜇′ is zero and the 
imaginary part of permeability 𝜇  is at the peak. The magnetic loss is at the peak 
and thus could simultaneously provide highest EMI shielding and wave absorption 
at the FMR frequency. Different magnetic materials with different FMR frequencies 
are supposed to be applied in different IC chips with different operating frequencies. 
This property is fascinating and distinctive compared to other materials.  
(3) Good magnetic shielding effect. Before FMR frequency, owing to high relative 
permeability, magnetic flux is concentrated inside the magnetic film and thus obtains 
a good EMI shielding effect. 
(4) Good wave absorption. The high conductivity of the magnetic film leads to great 
eddy current loss, which converts the electrical energy into heat and dissipates it. As 
shown in table 1.1, except for the magnetic type, high wave absorptions occur in 
cases that have magnetic material fillers, which are potentially capable of wave 
absorption[40][50][52].  
Except for the advantages mentioned above, magnetic films are not beneficial in terms 
of corrosion-resistance and flexibility.  
 In the aspect of chip application, two blocks of crossed-anisotropy multilayered Co-
Zr-Nb magnetic films were deposited onto a LTE (long term evolution) - class wireless 
telecommunication RF IC (radio frequency integrated circuit) receiver test chip that had 
a carrier frequency of 2.1 GHz [59] as shown in Fig. 1.4 (a). The result is shown in Fig. 
1.4 (b) that in the bandwidth of 5 MHz, the spurious (noise) was suppressed by more than 
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10 dB when the chip was covered by magnetic films. Meanwhile, the RF receiver-block 
of the chip operated normally even in the presence of the magnetic films, which shows 
that the magnetic films do not have side effect on the normal working of the chip. 
Furthermore, an improvement of minimum input power level to meet the 3GPP criteria 
by 8 dB are confirmed, which may help increase the signal sensitivity of the chip. 
Furthermore, owing to the high permeability of magnetic films, the magnetic near field 
radiation of magnetic film-covered chip was lower than the uncovered chips.  
Then, the magnetic film was deposited as a patterned structure as shown in Fig. 1.4 (c), 
aiming to block the inductive/conductive noisy diffusion generated in the magnetic film. 
The patterned magnetic film was used to only cover possible aggressor and victim wires. 
As a result, a higher ratio of throughput and a lower in-band spurious tone was obtained 
compared to the former non-patterned magnetic film [60].   
  On the other hand, equivalent circuits were established based on the model of a 
microstrip line covered by a magnetic film [61]. The FMR property and 
eddy/displacement current (joule loss) were studied separately to explain the conductive 
noise suppression effect of magnetic films [62].  
  In the aspect of mechanism study, a model that was constructed by a group of signal 
and power lines similar to the test chip mentioned above was established to investigate 
the inductive couplings of the chip [63]. The results show that the main inductive coupling 
is related to the arbitrary noise generator, while the main conductive coupling is based on 
the lines. Therefore, the magnetic field radiation and crosstalk between lines must be 
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Fig. 1.4 (a) LTE test chip that is covered by two parts of magnetic film, and the 
spurious of film-covered chip is suppressed by 10 dB @ 2.1 GHz (LTE band 1) in the 
band of 5 MHz, (b) patterned magnetic film could provide a better noise suppression 
effect.    
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1.4 Objectives of this study    
  Firstly, although the magnetic film was applied to the LTE test chip and obtained good 
noise suppression as mentioned in 1.3, the mechanism investigation of permeability, 
resistivity, and the structure such as thickness and layers of magnetic film have not been 
totally clarified yet.  
Since the magnetic film is effective in both inductive and conductive noise suppression 
when covered on the chip, the interaction between inductive and conductive couplings is 
important and needs to be confirmed.  
Moreover, the couplings between lines as studied before play a significant role in 
crosstalk performance. The study of crosstalk between two signal lines when covered by 
magnetic film is expected.  
The goal of this study is to complete the deficiencies mentioned above; firstly, to clarify 
the contribution of magnetic material’s characteristics such as permeability, resistivity etc. 
Secondly, to discuss the interaction effect between the inductive and conductive noise 
suppression of magnetic films. Finally, to investigate the crosstalk performance between 
two parallel lines when they are covered by the magnetic film.     
Therefore, in this study, the investigation of noise suppression mechanism of magnetic 
films will be continually processed. First, an experimental model will be established in 
order to evaluate inductive and conductive noise suppression simultaneously [53] [72], 
which occur at the same frequency spectrum. The relationship between inductive and 
conductive noise suppression along with the frequency will be confirmed. Second, the 
noise suppression effect of magnetic films with different materials will be measured and 
simulated; the contribution of permeability, resistivity, and dimension design to noise 
suppression will be clarified. Finally, the crosstalk performance of magnetic films will be 
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measured and simulated.  
The next telecommunication generation is predicted to have a frequency band of 3.3 - 
4.2 GHz [7] wherein the noise coupling issue will occur as well. Magnetic film is 
considered a prospective candidate to solve chip level noise coupling problems in higher 
frequency ranges. Thus, from the material point of view, the final objective is to support 
the design guidelines of the magnetic film-type noise suppressor used in next generation 
IC chips. 
1.5 Outline     
  Chapter 1 introduces the background of the EMI situation, noise suppression methods, 
and shielding-type noise suppressors in recent years. The advantages and disadvantages 
of magnetic film-type noise suppressors are described in comparison to other material 
cases.  
  Chapter 2 proposes a method that can evaluate magnetic near-field shielding and 
conductive loss simultaneously. Both are dependent along with the frequency. The near-
field shielding, conductive loss, and crosstalk of three types of magnetic films are 
measured.  
  Chapter 3 investigates the mechanism of magnetic films from the material point of 
view including FMR property and resistivity. The demagnetizing field that is generated 
inside the magnetic film, opposite in direction to the magnetic field outside, is considered 
the reason for maximum conductive loss. Furthermore, the demagnetizing factor is 
calculated to investigate the shifted FMR frequency. In this chapter, a similar model is 
established in a 3-dimension electromagnetic simulator, to study the noise suppression 
under different conditions.  
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  Chapter 4 is based on the experimental results, investigating the mechanism of 
crosstalk of magnetic film by using the same electromagnetic simulation method. The 
magnetic flux density distribution inside the magnetic film is calculated and simulated, 
which is aimed at helping build an equivalent circuit to quantitatively study the inductive 
crosstalk influence when the magnetic film is covered on the chip.  
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Chapter 2                 
Evaluation system of magnetic film-
type noise suppressor    
2.1 Introduction     
As mentioned in Ref. [59] of chapter 1, the magnetic film was deposited onto the 
passivation layer of an RF IC chip as a noise suppressor. A large number of metal lines 
such as signal, ground, power lines were constructed complexly. Previous studies have 
shown that inductive and conductive noise couplings mainly occurred between those lines. 
Therefore, in this chapter, we discuss a method to simplify the complicated chip into a 
common and simple model, which is basically a microstrip line covered by a magnetic 
film. A one-turn magnetic probe will be used to measure the magnetic field intensity in 
order to confirm the magnetic shielding effectiveness. A network analyzer will be used to 
measure the s-parameter in order to confirm the conductive loss (one line model) and 
crosstalk performance (two lines model). In addition, the noise suppression effect 
(including magnetic near-field shielding (one line model), conductive loss (one line 
model), and crosstalk (two lines model)) of magnetic films with different permeability 
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and resistivity will be measured by the proposed method.  
2.2 Procedure     
2.2.1 Measurement of inductive and conductive noise suppression  
In order to study the mechanism of noise suppression of magnetic films, the 
complicated film-covered chip is simplified into two simple models as shown in Fig. 2.1. 
Firstly, for the study of near-field shielding and conductive loss, a microstrip line that is 
covered by a magnetic film is proposed as shown in Fig. (b). Second, in the aspect of 
crosstalk investigation, two paralleled microstrip lines that are covered by a magnetic film 
is proposed as shown in Fig. (c). 
Figure 2.2 (a) shows a measurement method where a microstrip line is covered by a 
magnetic film in the middle. The two ports of the signal line are connected to a network 
analyzer (Keysight © E8362B) to measure the reflection and transmission coefficient. The 
frequency range is from 0.1 GHz to 10 GHz. Above the magnetic film, there is a magnetic 
probe (CP-2S) [1], which measures the magnetic field, intensity in the Y direction. The 
effective area of magnetic field induction is 1000 × 200 μm2 . The magnetic probe is 
connected to two RF amplifiers (Keysight © 83006A and Keysight © 83051A) with gains 
20 dB and 23 dB, respectively. The output of the amplifiers is connected to a spectrum 
analyzer (R&S ® FSU) which exports the magnetic field results by the unit of dBm.  
As for the dimension of the microstrip line shown in Fig. 2.2 (b), the area of both 
ground (copper) and dielectric layer (SiO2) are 10 × 10 mm2. The thickness of ground is 
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Fig. 2.1 The film-covered chip is simplified as (a) a microstrip line covered by a 































Fig. 2.2 Experimental setup 1, (a) a microstrip line that is covered by a magnetic film 
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Fig. 2.3 Experimental setup 2, (a) design of two parallel microstrip lines, (b) cross 
section, (c) detailed structure of the signal port  
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The thickness of the dielectric layer is 100 μm. The width and thickness of the signal 
line is 170 μm and 2 μm. The magnetic film is placed about 10 μm above the signal line. 
The area of the magnetic film is 5 × 5 mm2 while the thickness is around 1 μm. The 
magnetic probe is set about 50 μm high above the magnetic film in the center.  
The shielding effectiveness (SE) is calculated by (2.1) which is the difference between 
the probe output without the magnetic film and that with the magnetic film. [2]  
SE = 𝑃without film − 𝑃with film                   (2.1) 
where 𝑃without film and 𝑃with film are the probe output (dBm) without a magnetic film 
and with a magnetic film, respectively. On the other hand, the conductive loss 
𝑃𝑙𝑜𝑠𝑠/𝑃𝑖𝑛 of magnetic film is calculated by (2.2),  
𝑃𝑙𝑜𝑠𝑠/𝑃𝑖𝑛 = 1 − (|𝑠11|
2 + |𝑠21|
2)                   (2.1) 
where 𝑠11 is the reflection coefficient, 𝑠21 is the transmission coefficient. 𝑃loss/𝑃in is 
expected to have the same frequency spectrum as the shielding effect. Thus, both the 
shielding effect and conductive loss maybe analyzed simultaneously. 
2.2.2 Measurement of crosstalk  
The measurement setup of crosstalk performance is designed as shown in Fig. 2.3. Two 
paralleled signal lines are designed having the same size and the gap between them is 
50 μm. The width and thickness of each signal line is 95 μm and 3 μm. The area of the 
ground and dielectric layer is same as the one line design mentioned in chapter 2.1.1. On 
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the bottom surface ground to the upper surface ground, so as to lay the ground part on the 
same plane as the signal line. Thus, wafer probes are used to connect the ports and 
network analyzer. Magnetic films of the same size are also placed about 10 μm above the 
signal lines.  
One of the lines is acts as an aggressor which has an input and output signal provided 
by the network analyzer. The other line acts like a victim, which does not have any input 
signal. The frequency range is the same as before i.e., from 0.1 GHz to 10 GHz.  
Based on this design, the near-end crosstalk  𝑠31  and far-end crosstalk  𝑠41  will be 
measured.  
2.3 Magnetic films    
2.3.1 Processing of magnetic moments 
The easy axis is put parallel to the signal line (the transmission direction); this ensures 
the applied magnetic field ℎ(𝑡) is vertical to the direction of magnetization H. Through 
this, the processing will occur in magnetic moments M and thus the FMR of the magnetic 
film can work properly as shown in Fig. 2.4 [4].  
There are three types of magnetic films used in this study. Each of them has a different 
relative permeability and resistivity. All three films have the same area and thickness, i.e., 
5 × 5 mm2 and 1 μm , respectively. The details will be introduced in the next three parts.  
2.3.2 Co-Zr-Nb magnetic film 
The Co85Zr3Nb12 amorphous film was fabricated via sputtering and deposited on a 
SiO2 substrate. The film structure was composed of a stack of SiO2 layers (100 nm) / [Co-
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Zr-Nb (250 nm) / SiO2 (10 nm)] ×4. The hysteresis curve is shown in Fig. 2.5 (a), where 
the magnetic anisotropy field Hk is about 1.2 kOe and the saturation magnetization 4πMs 
is 0.9 T. The resistivity ρ is 1.2 × 10−6 Ω∙m. Furthermore, the frequency dependence of 
permeability μ of Co-Zr-Nb film is shown in Fig. 2.5 (b). It has a constant real part 𝜇 
    
which is about 630 at low frequency, and exhibits the maximum imaginary part 𝜇 
    
which is about 890 at the FMR frequency of 1.1 GHz. 
2.3.3 CoPd-CaF2 Nanogranular magnetic film 
Another magnetic film used in this study is (Co0.69Pd0.31)52-(CaF2)48 film (hereafter Co-
Pd film) [1]. It is constructed by magnetic metal partials that are surrounded by the 
insulator ceramic matrix. The film is single layered and its thickness is about 1 μm. The 
hysteresis curve is shown in Fig. 2.5 (c), where the magnetic anisotropy field Hk is about 
40 kOe and the saturation magnetization 4πMs is about 1 T. The resistivity ρ is 
2.9 × 10−6 Ω∙m. The frequency dependence of permeability for the Co-Pd film is shown 
in Fig. 2.5 (d). The FMR frequency is located at about 6.2 GHz when the imaginary part 
of permeability is maximum i.e., 22. The real part of permeability is around 20.  
2.3.4 Ni-Fe magnetic film  
The third one is the Permalloy film that is composed of Ni80Fe20. It has the same 
structure as that of Co-Zr-Nb film, which is also a stack of SiO2 layers (100 nm) / [Ni-Fe 
(250 nm) / SiO2 (10 nm)] ×4. The hysteresis curve is shown in Fig. 2.5 (e), where the 
magnetic anisotropy field Hk is about 0.48 kOe and the saturation magnetization 4πMs is 
about 0.9 T. The resistivity ρ is 0.2 × 10−6  Ω∙m. The frequency dependence of 
permeability for the Ni-Fe film is shown in Fig. 2.5 (f). The FMR frequency is located at 
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around 0.7 GHz when the imaginary part of permeability is the maximum, around 500. 
At low frequency, the real part of permeability is around 1000. Then, in the frequencies 
above 0.1 GHz, it smoothly decreases, which is in contrast to the sharp reduction in the 
case of Co-Zr-Nb film. This is considered to be the consequence of decentralized 
magnetic moment inside the Ni-Fe film.   
2.3.5 Permeability and resistivity difference    
  Comparing the three types of magnetic films, first, in the low frequency where the 
imaginary part of μ is nearly 0, Ni-Fe film has the highest real part of μ while Co-Pd film 
has the lowest. Further, the Co-Pd film has the highest resistivity that is 2.9 × 10−6 Ω∙m, 
the second highest is that of the Co-Zr-Nb film and the lowest one belongs to the Ni-Fe 
film. Finally, because of the largest anisotropy field, the Co-Pd film has the highest FMR 
frequency, which is located at 6.2 GHz. The second highest FMR frequency belongs to 
the Co-Zr-Nb film and the lowest one is belong to the Ni-Fe film. The 
inductive/conductive noise suppression and crosstalk performance of three types of 
magnetic films are considered different because of their different permeability and 
resistivity.  
2.4 Inductive and conductive noise suppression of 
complex permeability  
2.4.1 Inductive noise suppression     
  In general, magnetic flux is concentrated in objects with high magnetic permeability. 
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Fig. 2.6 (a) shows the concept distribution of magnetic flux without the film and with the 
film. Owing to the high permeability that the magnetic film has, the magnetic flux is 
mainly concentrated in the film area and thus has a shielding effect on the outside space. 
Fig. 2.6 (b) shows the absolute value of complex permeability along with the frequency 
of magnetic films, where the maximum value of absolute permeability is at the FMR 
frequency. Therefore, the magnetic flux is mostly concentrated inside the magnetic film 
when the signal frequency is equal to the FMR frequency, thus the maximum shielding 
effect is expected to occur at FMR frequency. [3] 
2.4.2 Conductive noise suppression     
  The imaginary part of impedance X of the whole model when the microstrip line is 
covered by a magnetic film is calculated as,  
















= 𝑅𝑚 + 𝑗𝜔𝐿𝑚         (2.2) 
where 𝜔 is the angular frequency, L is the inductance, 𝜇0 is the permeability of vacuum, 





  is the resistance brought about by the imaginary part of permeability and is 
proportional to the imaginary part of permeability 𝜇 . As shown in Fig. 2.7, the resistance 
of the whole line that is covered by the magnetic film increases by increasing the 𝜇 . 
Because the maximum value of  𝜇   is located at the FMR frequency, the maximum 
resistance is generated at the same FMR frequency and thus leads to maximum power 
consumption of the magnetic film. The magnetic film acts like a band pass filter, which 




Fig. 2.6 (a) Distribution of magnetic flux without the magnetic film and that with the 






























































2.5 Experimental results of shielding effect and 
conductive loss   
2.5.1 Measured results of shielding effect      
  Based on the proposed method mentioned in chapter 2.1, the measured shielding 
effectiveness is shown in Fig. 2.8 (a), where X-axis is the signal frequency and Y-axis is 
the magnetic shielding effectiveness. 
  In Fig. 2.8 (a), the red dotted line is the result of Co-Zr-Nb film. The shielding effect 
increases along with frequency and has a peak value of 14 dB at the frequency around 1.1 
GHz of the intrinsic FMR frequency. Then, the shielding effect decreases along with 
frequency and has the lowest value of 2 dB at around 2 GHz. Finally, above 2 GHz, the 
shielding effect increases with frequency. The maximum shielding effect at around 1.1 
GHz corresponds to FMR frequency of Co-Zr-Nb film. 
The green dotted line is the result of the Co-Pd film. The shielding effect increases 
along with the frequency from 0.1 GHz to 10 GHz. Owing to the low value of 
permeability of the Co-Pd film, it cannot provide peak shielding like the Co-Zr-Nb film, 
as shown in Fig. 2.5. 
The blue dotted line is the result of the Ni-Fe film, which linearly increases along with 
frequency and has a little dip at around 2.1 GHz. This dip is similar to that of the Co-Zr-
Nb film. Since there is no maximum peak shielding effect observed, the decentralized 
magnetic moment of the Ni-Fe film is considered to be the reason. The decentralized 





Fig. 2.8 (a) Measurement results of magnetic shielding effect, (b) frequency 
dependence of permeability, (c) conductive loss Ploss/Pin, of Co-Zr-Nb film, Co-Pd 
film, and Ni-Fe film. 


















































   
Fig. 2.9 Measured results of (a) near-end crosstalk, (b) far-end crosstalk   
 













































2.5.2 Measured results of conductive loss Ploss/Pin      
Figure 2.8 (b) shows the measurement results of conductive loss Ploss/Pin, which 
represents the percentage of power consumption of the magnetic film.  
In the result of the Co-Zr-Nb film, shown as red solid line, Ploss/Pin increases along with 
frequency and has a maximum value of 42 % at around 2.7 GHz. A similar result is further 
obtained when the magnetic film used is either Ni-Fe film or Co-Pd film, which are shown 
as blue and green solid lines, respectively. Each of them has a maximum value of 38 % 
and 75 % at about 2.5 GHz and 8.7 GHz, respectively. The black solid line is the result of 
blank, the value of which is lower than any of the film-covered results.  
A comparison of the shielding effect and conductive loss of the Co-Zr-Nb film reveals 
that the frequency of maximum shielding is different from that of the maximum 
conductive loss Ploss/Pin. The study about the mechanism of shielding effect and 
conductive loss will be discussed in chapter 3. 
2.5.3 Crosstalk performance       
  In reference to the crosstalk method described in chapter 2.1.2, the measured results of 
near-end crosstalk 𝑠31 and far-end crosstalk 𝑠41 are shown in Fig. 2.9 (a) (b). The black 
lines are the results of blank. The red, green, and blue lines are the results of Co-Zr-Nb 
film, Co-Pd film, and Ni-Fe film, respectively.  
In all the results of near-end crosstalk 𝑠31, dips exist in the frequency range of 4.5 GHz 
to 6 GHz. These dips are considered to be the consequence of LC resonance. The dip-
frequencies owing to the films are slightly shifted when compared to that of blank, which 
is considered to be the result of additional inductance and capacitance brought about by 
the magnetic film. Furthermore, in the result of Co-Zr-Nb film, another dip exists at 
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around 2.7 GHz. Similarly, in the results of Ni-Fe film, near-end crosstalk 𝑠31 is nearly 
flat from 1 GHz to 4 GHz, and there is a small dip at around 2.3 GHz.  
On the other hand, in all the results of far-end crosstalk 𝑠41, the lines of blank and Co-
Pd film approximately increase along with the frequency, while there are dips at around 
2.0 GHz and 2.7 GHz in each of the results of the Co-Zr-Nb film and Ni-Fe film. Because 
the value of the Co-Pd film is very small compared to the Co-Zr-Nb film and Ni-Fe film, 
the effect of permeability of the Co-Pd film is small. Thus, the result of the Co-Pd film is 
similar to that of blank and no dip exists. From the results, the influence of permeability 
is believed to be the reason of dips that arrowed in Fig. 2.9 (a) (b). The detail mechanism 
analysis will be discussed in chapter 4.  
2.6 Summary  
  In this chapter, a method that can systematically evaluate both the near-field shielding 
and conductive loss of a magnetic film simultaneously was proposed. The results of 
shielding effect and conductive loss are as expected from the general mechanism 
explanation. Hence, the validity of the proposed experiment is confirmed.  
The new method can help evaluate the relationship of inductive and conductive noise 
suppression, which is an advantage over the previous studies. The inductive noise 
suppression, conductive noise suppression, and crosstalk of magnetic films with different 
permeability and resistivity were confirmed.  
  With respect to near-field shielding, Co-Zr-Nb film has a peak shielding value of 14 
dB at the frequency around 1.1 GHz, which corresponds to FMR frequency of the Co-Zr-
Nb film. The Co-Pd film shows exponential growth in the shielding effect along the whole 
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frequency range from 0.1 GHz to 10 GHz, which is owing to the low value of permeability. 
The Ni-Fe film has a nearly linear growth shielding effect along with frequency, which is 
considered to be the result of the decentralized magnetic moment of the Ni-Fe film. 
  Second, in the aspect of conductive loss, Co-Zr-Nb film has a maximum Ploss/Pin at 
about 2.7 GHz while similar peaks are obtained when the magnetic films are either Ni-Fe 
film or Co-Pd film. Each of them has a maximum value 38 % and 75 % at around 2.5 
GHz and 8.7 GHz, respectively.  
  Finally, in the aspect of near-end crosstalk 𝑠31 and far-end crosstalk 𝑠41, magnetic film 
with high permeability shows good suppression at particular frequencies. Except for the 
results of LC resonance, the Co-Zr-Nb film has two suppression dips at around 2.7 GHz 
in both 𝑠31 and 𝑠41. The Ni-Fe film has a small dip at around 2.3 GHz in 𝑠31 and a large 
dip at 2 GHz in 𝑠41. Those suppressions are considered the result of high permeability 
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Chapter 3                
Mechanism analysis of inductive and 
conductive noise suppression                 
3.1 Introduction     
In order to develop a finer magnetic film as a better noise suppressor that used in IC 
chip, the mechanism study of noise suppression effect of magnetic film is significant. In 
previous study, equivalent circuits were established based on the model that a coplanar 
waveguide covered by a magnetic film [1] [2]. The FMR property and eddy/displacement 
current (joule loss) were studied separately to explain the inductive and conductive noise 
suppression effect of magnetic film. The maximum shielding effect was explained the 
result of magnetic circuit resonance. However, the quantitative interactive between 
material property and noise suppression effect needs to be clarified.  
From Shimada et al. [3], a microstrip line (hereafter MSL) with an eight-layer crossed-
anisotropy Co-Zr-Nb film on the top is chosen as a basic structure to substitute the 
complicated film-integrated RF IC chip which is consisted of many power and ground 
lines. The in-plane noise suppression due to FMR phenomenon was found taking a major 
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role over a wide frequency range as demonstrated in [3]. However only the qualitative 
agreement was obtained between experimental and numerical simulation results. The 
quantitative relationship between near field suppression and FMR is needed to be verified. 
Hence, this chapter is aimed to clarify the mechanism of shielding effect and 
conductive loss quantitatively from the aspect of material characteristic. Based on the 
experimental results of three kinds of magnetic film mentioned in chapter 2, Co-Zr-Nb 
film has a maximum shielding effect at 1.1 GHz, a maximum conductive loss at around 
2.7 GHz, and crosstalk suppression dip at around 2.7 GHz. These good noise suppression 
capabilities are the most obvious results than that of two others. Thus, Co-Zr-Nb film is 
choose as a presentative in the mechanism study in this chapter. 
Extensively, the mechanism of near field shielding will be discussed by means of loss 
distribution between eddy current and frequency-dependent complex permeability in 
simulation along with the frequency range of 0.1 to 10 GHz. In addition, based on the 
control of resistivity and the permeability in the simulation, the contribution of each 
mechanism to noise suppression effect will be clarified. 
3.2 Simulation setup    
3.2.1 Model establishment       
  A full wave electromagnetic simulation model as shown in Fig. 3.1 (a) has been 
established that has a same structure and dimension with the experiment. Fig. 3.1 (b) 
shows the details, where SMA ports are substitute by wave port setting to provide the 
signal input and output. The magnetic probe is replaced by a plane which has the same 
area with the effective area of magnetic probe. By calculating the average value of 
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magnetic field that pass through the plane, the simulated probe output could be exported. 
The magnetic flux through the plane can be calculated as 
𝜙 = ∫𝐵(𝑡)𝑑𝑆 = ∫𝜇0𝐻(𝑡)𝑑𝑆 = 𝜇0𝑆𝐻(𝑡)                  (3.1) 
where 𝜙 is magnetic flux, 𝐵(𝑡) is magnetic flux density, 𝜇0 is vacuum permeability, 
and S is the area of plane which is the same size with experimental sensing coil 
(1000 × 200 μm2) , H(t) is magnetic field intensity. Then, the voltage of the plane is 







= 𝜇0𝑆𝜔𝐻𝑎𝑣                    (3.2) 
where 𝜔 = 2𝜋  is the angular frequency, 𝐻𝑎𝑣 is the average magnetic field intensity 




                             (3.3) 
where A is the amplification factor, R is the characteristics resistance of which the value 
is 50 Ω. 
In the process of meshing, because of the big difference between the size of thickness 
(z axis) and that of area (plane of xy axis), it’s hard to mesh the model automatically and 
simultaneously keep the calculation accuracy. Therefore, this study builds rectangles on 
xy directions to cut the model and thus the number of mesh will be increased. As the 
results, the number of rectangles is 40 in x direction and 40 in y direction. The space 













Near field shielding, 
a plane (same area with probe’s effective area) 
Signal output 
Magnetic field H





Fig. 3.1 Full wave electromagnetic simulation model. (a) The same dimension and 









Magnetic film  
MSL 
Rectangles   
Fig. 3.2 Rectangles (40 x 40) are created in the simulation to cut the model and thus 
increase the number of mesh 
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elements is about 1.0 million while the average analysis time is about 20 hours.  
On the other hand, in the simulation, the permeability of magnetic film is imported by 
the calculation results of Landau–Lifshitz–Gilbert (LLG) equation [4]   
𝑑 
𝑑𝑡
= −𝛾[𝑀 × 𝐻] −
𝛼𝛾
 
[𝑀 × [𝑀 × 𝐻]]              (3.4) 
where M is magnetic moment, H is magnetic field, 𝛾  is gyromagnetic ratio, and 𝛼  is 














             (3.5b) 
where 𝜇𝑑𝑐′ is the real part of permeability, 𝜇𝑑𝑐  is the imaginary part of permeability, 
𝜔 is angular frequency of applied magnetic field.  
Additionally, the eddy current loss is considered significant in the permeability’s 
calculation which will lead to the dispersion of 𝜇 . Thus based on [5], the permeability is 
calculated as  






                (3.6) 
where 𝜇
 
 is the permeability under the consideration of eddy current, d is the thickness 






)1/2                      (3.7) 
Based on (3.5)-(3.7), the permeability of magnetic film is calculated as shown in the 
broken lines in Fig. 3.3. It is similar to the measured permeability. By importing the 
calculated permeability in the x direction of magnetic film, the easy axis is set to be x 
direction. Hence the magnetic film will work properly based on the calculation of 
Maxwell’s equation.  
3.2.2 Mechanism discussion and assumed cases    
Three kinds of parameters are mainly considered contributing to the noise suppression 
effect of magnetic film. They are (1) classic magnetic shielding (2) eddy current loss and 
(3) FMR loss.  
(1) Classical magnetic shielding  
The conventional magnetic shielding is mainly depended on the high relative 
permeability ( 𝜇  > 𝜇0) the magnetic material has. The magnetic flux will be concentrated 
inside the magnetic material because of the low reluctance path for the flux [6].    
(2) Eddy current loss 





                           (3.8) 













































Fig. 3.3 Calculated permeability that similar to the measurement was imported to 
simulation, in order to unsure the proper working of magnetic film 
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which is called eddy current. The electrical energy is changed to Joule heat and dissipated 
in the film. 
  The eddy current will increase when the frequency of ambient magnetic field increases, 
and when the resistivity of film decreases. In this study, the magnetic film is divided from 
1 layer (with thickness 1 μm) to 4 layers (with thickness of each 250 nm) in order to 
decline the eddy current. The SiO2 is inserted into each layer as insulators with thickness 
of 10 nm. On the other hand, the multilayered structure is also aimed to prevent the 
asynchronous of magnetic moment, which can maintain smooth curves (without any 
undulation) of permeability [7].  
(3) FMR loss 
FMR loss is represented by the imaginary part 𝜇 
 ( ) of permeability. The equivalent 
circuit of the model in this study (microstrip line covered with magnetic film) is shown 




                                (3.9) 
where l is the distance of magnetic flux path, 𝜇 is the permeability, S is the area of cross 
section. Then, the permeability of magnetic film is frequency dependent 𝜇 ( ) =
𝜇 
 ( ) − 𝑗μ
r
″( ), where 𝜇 
 ( ) is the real part and μ  ( ) is the imaginary part. Thus, the 
















            (3.10) 
where N is the number of turns. Then, the impedance X is shown as equation (2.2) as the 
same description in chapter 2.4.2.  
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  Based on the experimental results of three kinds of magnetic film mentioned in chapter 
2, Co-Zr-Nb film has a maximum shielding effect at 1.1 GHz, a maximum conductive 
loss at around 2.7 GHz, and crosstalk suppression dip at around 2.7 GHz. These good 
noise suppression capabilities are the most obvious results than that of two others. Thus, 
Co-Zr-Nb film is choose as a presentative in the mechanism study.  
Among the three kinds of mechanisms introduced above, the classic magnetic shielding 
and FMR loss are related to permeability of the magnetic film, and the eddy current loss 
is related to applied frequency and the resistivity of magnetic film. Therefore, based on 
the original Co-Zr-Nb film, four assumed films with different permeability and resistivity 
were established in simulation. Separation between permeability property (including 
FMR) and film resistivity is investigated as shown in Table 3.1.  
  Film A has a constant permeability that the value is the same with that of Co-Zr-Nb 
film when frequency is 0.1 GHz. Therefore FMR loss is not existed in film A. The 
resistivity of film A is set to be infinite, in which there is no eddy current loss exists.  
  Film B has the same frequency dependent complex permeability as Co-Zr-Nb film. 
However it has an infinite resistivity that has no eddy current loss in the film.  
  Film C has two times of original permeability of Co-Zr-Nb film as shown as blue lines 
in Fig. 3.4. In film C, the value of permeability is higher although the FMR frequency is 
unchanged. It is expected to have higher FMR loss at the same FMR frequency. The 
resistivity of film C is the same with that of Co-Zr-Nb film, which means eddy current 
loss will generate inside the film.   
  Film D has the same frequency dependent complex permeability as Co-Zr-Nb film. 
However the resistivity is half value of that of Co-Zr-Nb film, which means it will have 









Table 3.1 Assumed film A to D 
Film Permeability, μ Resistivity, 𝝆 μΩ∙cm 
Co-Zr-Nb μ1( f ) 120 
A μ1( 0.1 GHz ) = 630 ∞ 
B μ1( f ) ∞ 
C 2∙μ1( f ) 120 














3.3 Simulated results and discussion    
3.3.1 Magnetic near field shielding       
  The simulated shielding effect of original Co-Zr-Nb film is shown as red solid line in 
Fig 3.4. The simulated result agrees with the measured result that shown as dotted line. It 
is noted that the validity of simulation was confirmed.  
  The simulated result of film A is shown as the blue broken line in Fig. 3.5. The result 
line is flat along with the frequency, showing a constant shielding effect. Only classical 
magnetic shielding is working because of the constant value of permeability it has. On 
the other hand, the red broken line shows the result of film B, which is slightly increase 
along with the frequency and has a little maximum peak at around 1 GHz. Then shielding 
effect is decreasing and there is a lowest dip at around 2 GHz. Because there is no eddy 
current loss existed, the gap between the results of film A and B at around 1 GHz is 
clarified to be the effect of FMR loss. Meanwhile, the gap between the results of film B 
and original Co-Zr-Nb film is considered the effect of eddy current loss. As the results, it 
is clarified that the frequency of maximum shielding is corresponded to the FMR 
frequency of magnetic film, while the eddy current loss dominates the value of shielding 
effect at FMR frequency.  
Continually, the simulated result of film C is shown as black line in Fig. 3.5. The 
shielding effect of film C is about 3 dB higher than that of original Co-Zr-Nb film before 
2 GHz. After 2 GHz, the shielding effect of film C is increased, which is about 6 dB larger 
than that of original Co-Zr-Nb film. As the results, higher permeability could lead to a 
better magnetic near field shielding effect.  







































Fig. 3.4 Black lines: the original permeability of Co-Zr-Nb film. Blue lines: 





































Film A (μ = 630, ρ= )
Film B (ρ  ) 
Eddy current 
loss
Fig. 3.5 Simulated shielding effect results of different assumed films with different 
permeability and resistivity.  
63 
 
frequency range, the shielding effect is similar with that of Co-Zr-Nb film. It is because 
of the same permeability leading to the same classical magnetic shielding. When the 
frequency increases, the shielding effect is increasing and about 3 dB higher than Co-Zr-
Nb film at around FMR frequency 1.1 GHz. When the frequency is after about 3 GHz, 
the shielding effect is overlapped with the original simulated Co-Zr-Nb film. It explains 
that the eddy current loss is the main character in the last frequency range. As the results, 
it is shown that lower resistivity can provide higher eddy current loss and leads to a better 
magnetic near field shielding at FMR frequency.  
3.3.2 Conductive noise suppression        
Same as the previous chapter, the simulated conductive loss Ploss/Pin is shown as black 
solid line in Fig. 3.6. The simulated results also agree with the measurement results, which 
also provides the validity of the simulation.  
The maximum peak of conductive loss is located at the frequency of 2.7 GHz, which 
is considered the result of demagnetization field. As shown in Fig. 3.7, when magnetic 
film was placed on the MSL, there is a demagnetizing field generated inside the film with 
an opposite direction of external magnetic field generated by signal line. This 
demagnetizing field could lead to a shift of FMR of magnetic film. As the calculation of 
FMR frequency  






                   (3.11) 
where       is FMR frequency, 𝑀𝑠  is saturation magnetization, 𝐻𝑘  is magnetic 
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Fig. 3.6 Simulated conductive loss results of different assumed films with different 




















Fig. 3.7 Demagnetizing field that generates in the magnetic film with an opposite 










                        (3.12) 
where 𝑡𝑚  is the thickness of magnetic film, 𝑤𝑠  is the width of signal line, λis the 
characteristic length of magnetic flux in the magnetic film. Characteristic length is 
defined as the distance from the edge of signal line to the place where the maximum 
magnetic field intensity becomes 1/e.  
  In this model that the film thickness is 1 μm, the width of signal line is 170 μm. Thus 
the demagnetizing factor is calculated as  5.88 × 10−3  . Finally, FMR frequency of 
formula (3.11) is calculated equal to 2.7 GHz, which is corresponded to the maximum of 
conductive loss as shown in Fig. 3.6. As a result, the mechanism of maximum conductive 
loss of magnetic film can be explained by the reason of demagnetizing field. In another 
word, the demagnetizing field leads to a shift of original FMR permeability to the higher 
frequency. In this case, the frequency of original permeability is shifted from 1.1 GHz to 
2.7GHz and thus leads to the maximum of conductive loss at 2.7 GHz. 
  The calculation above is corresponded to the “shifted FMR” theory of reference [2], 
which proves the validity of it.  
Based on the permeability and resistivity of original Co-Zr-Nb film, the simulated 
Ploss/Pin of film A to D are also shown in Fig. 3.6. The result of film A is shown as blue 
broken line, which is flat along with the frequency, showing not any of the loss existed 
inside the film because of the constant permeability and infinite resistivity.  
The result of film B is shown as the red broken line, which is increased along with 
frequency and has a peak at around 2.7 GHz. After 2.7 GHz, the conductive loss is 
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decreased and finally becomes nearly zero. Because film B has the same frequency 
dependence of original Co-Zr-Nb film, and has infinite resistivity, it is shown that this 
peak is resulted by only FMR loss. Therefore, because eddy current loss is exponential 
growth with the increasing of frequency, the maximum conductive loss of Co-Zr-Nb film 
is considered the combination of FMR loss and eddy current loss.  
The black broken line is the simulated result of film C, which has a twice value of 
original Co-Zr-Nb film and the same FMR frequency. The result line shows a peak at 
around 3.6 GHz, where the value is higher and the peak frequency is a little higher than 
that of Co-Zr-Nb film. The higher conductive loss is considered the result of higher 
imaginary part of permeability, which could have a higher FMR loss.  
On the other hand, the higher value of permeability is brought by the increase of 
magnetic anisotropy field 𝐻𝑘, which will lead to an increase of shifted FMR frequency as 
shown in formula (3.11). Therefore, the higher frequency of maximum conductive loss is 
considered the result of higher magnetic anisotropy field 𝐻𝑘. Figure 3.8 (a) shows the 
different permeability of different magnetic anisotropy field 𝐻𝑘, where orange lines are 
the permeability of Co-Zr-Nb film, black broken lines are the permeability of twice value 
of Co-Zr-Nb film, and blue lines are another assumed film E, which is obtained by 
decreasing anisotropy field of film C, and thus FMR frequency is reduced from 1.1 GHz 
to 0.4 GHz. The simulated conductive losses of these three kinds of permeability are 
shown in Fig. 3.8 (b). The conductive loss of film E has a maximum value at around 2.7 
GHz which is the same frequency as with that of Co-Zr-Nb film. Meanwhile, the loss 
degree is higher than that of Co-Zr-Nb film because of the higher imaginary permeability 
of film E. As a result, higher permeability can provide a better conductive loss, however 
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Film E:2∙μ1( f ), fFMR = 0.4 GHz
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Fig. 3.8 (a) Additional film E that has a lower FMR frequency and the same value 
comparing to film C. (b) Conductive results of added film C comparing to the results 














Fig. 3.9 Results of conductive loss of models that have different gap between magnetic 
film and signal line, from 1 μm to 10 μm 







































can bring the frequency of maximum loss back to the original place.  
 
In the experiment, the distance between magnetic film and signal line is a rough 
estimation. The magnetic film is placed onto the surface of microtrip line directly and 
there are no accurate measurement about the gap between film and signal line. 
Furthermore, because the oxidation and roughness, the surface contact is irregular. 
Therefore, in the simulation based on Co-Zr-Nb film’s characteristics, the same models 
with different gap distances were established and the conductive losses of them are shown 
in Fig. 3.9. In fig. 3.9, the black dotted line is the measured result while the rest cases are 
the simulated results with the gap distance from 1 μm to 10 μm.  
As the results in Fig. 3.9, the frequency of maximum conductive loss is increased when 
the gap shifts from about 1.9 GHz to 2.7 GHz when the gap increases from 1 μm to 10 
μm. As mentioned in the first part of this chapter, when the distance between magnetic 
film and signal line decreases, the distribution of magnetic field in the film is supposed 
to be expanded and thus leads to an increase of characteristic length. Then, the value of 
demagnetizing factor is decreased which causes the reduction of shifted FMR frequency.  
And at the same time, the value of maximum conductive loss is increased when the gap 
distance increases from 1μm to 3 μm. After 3 μm, the value of maximum conductive loss 
is decreased with the increasing of gap distance. There is a peak conductive loss at the 
gap of 3μm.  
3.4 Discussion of shielding effect and conductive loss    
In chapter 2, the inductive and conductive noise suppression of magnetic film was 
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Fig. 3.9 Shielding effect and conductive loss in the same frequency dependent.  
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the mechanism between the shielding effect and conductive loss at the same time. Fig. 
3.10 puts both results of shielding effect and conductive loss of Co-Zr-Nb film together 
with the same frequency dependence. 
First in low frequency, the shielding effect starts with 5 dB and increases with the 
frequency. Conversely, the conductive loss Ploss/Pin is close to zero. When the frequency 
comes to be from 1 GHz to 3 GHz, the shielding effect becomes maximum at 1 GHz and 
gradually decreases with the frequency, while the conductive loss gradually increases 
along with the frequency and has a maximum loss at around 2.7 GHz. The frequency of 
maximum conductive loss is corresponded to that of the minimum shielding effect. It is 
known that the shifted FMR frequency causes resonance and leads to the maximum 
absorption as conductive loss. Therefore, it is indicated that the minimum shielding effect 
at the same frequency is because of the shifted FMR and the resonance. Meanwhile, the 
description about the magnetic circuit resonance to the minimum shielding effect is 
discussed in Ref. [8]. 
3.5 Summary     
In this chapter, first, based on the measurement in chapter 2, models in full wave 
electromagnetic simulations were established with the same dimension and structure. Co-
Zr-Nb film was selected to be the representative in the mechanism study because of its 
obvious noise suppression effect. Then, the simulated results agrees with the experimental 
results. Thus, the validity of simulation was confirmed. Furthermore, different films with 
different permeability and resistivity were created in simulation, in order to study the 
contribution of permeability and resistivity of magnetic film to the shielding effect and 
conductive loss. As the results, it is clarified that the frequency of maximum shielding is 
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corresponded to the FMR frequency of magnetic film, while the eddy current loss 
dominates the value of shielding effect at FMR frequency. It is noted that twice value of 
permeability and half of resistivity could lead to an improvement of maximum shielding 
effect about 3 dB, respectively.  
On the other hand, the maximum conductive loss is the results of shifted FMR 
frequency that affected by the demagnetizing field. It is indicated that twice value of 
permeability could obtain a higher conductive loss (+12 %) and a shift of maximum peak 
frequency. This shift is because of the increase of magnetic anisotropy field when obtain 
a higher value of permeability and keep FMR frequency unchanged.  
The frequency of minimum shielding effect is near to the frequency of maximum 
conductive loss, where the generated magnetic circuit resonance is considered the reason 
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Chapter 4                       
Study of crosstalk performance                
4.1 Introduction     
IC chips are highly integrated such that the space between the microstrip lines is 
preferred to be narrow. However, crosstalk between lines is recognized to be a significant 
issue in the design of IC chips, since the distance between lines is limited by the effect of 
crosstalk [1].  
Through capacitive, inductive, and conductive coupling, the undesired effect generated 
from one line affects the normal signal transmission of another line. Consider a simple 
and representative model with two parallel lines having constant distance as shown in Fig. 
4.1. The drive current that flows in line 1 (aggressor) generates capacitive and inductive 
couplings with line 2 (victim). In the capacitive coupling, the mutual capacitance 𝐶𝑚 will 
lead to extra current 𝐼nea (𝐶m) in the near end and extra current 𝐼fa (𝐶m) in the far end. 
On the other hand, the mutual inductance will only lead to an extra current 𝐼nea (𝐿m) in 
the near end. These couplings are calculated as [2] 
𝐼𝑛𝑒𝑎 /𝑓𝑎   𝐶𝑚 = 𝐶𝑚
𝑑𝑉𝑑𝑟𝑖𝑣𝑒𝑟
𝑑𝑡
















 𝑑 𝑖𝑣𝑒 
 𝑛𝑒𝑎 (𝐶𝑚)  𝑓𝑎 (𝐶𝑚)
 𝑛𝑒𝑎 ( 𝑚)
 𝑚
Fig. 4.1 Crosstalk between two paralleled lines  
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𝑉𝑛𝑒𝑎  𝐿𝑚 = 𝐿𝑚
𝑑𝐼𝑑𝑟𝑖𝑣𝑒𝑟
𝑑𝑡
                      (4.2) 
where, 𝐼d ive   is the driver current that flows in line 1 (aggressor), 𝐼nea /fa   Cm   is the 
current generated by capacitive coupling in both near and far ends, 𝑉nea   Lm  is the voltage 
generated by inductive coupling in only the near end.  
  Based on the four ports of the model shown in Fig. 4.1, the evaluation method for the 
crosstalk between two parallel lines is described as near-end crosstalk 𝑠31 and far-end 
crosstalk 𝑠41.  
  The conventional methods related to crosstalk suppression are (1) structure design of 
signal line [3][4], (2) structure design of ground plane [5], and (3) the addition of guard 
traces between two signal lines [6]. Furthermore, another innovative idea has been 
proposed that magnetic material can provide crosstalk suppression to the printed circuit 
boards (PCBs). The magnetic composite (particles) were filled between two signal lines 
as shown in Fig. 4.2 (a) where the result shows the far-end crosstalk 𝑠41 is suppressed 
about 10-20 dB at the frequency of 1 GHz and the transmission coefficient 𝑠21  stays 
unchanged compared to the blank [7]. On the other hand, magnetic films [8] was 
deposited around the microstrip lines as shown in Fig. 4.2 (b), a 12 dB suppression of 𝑠41 
was obtained here as well while the near-end crosstalk 𝑠31 showed no suppression results. 
However, these studies barely discuss the mechanism of crosstalk suppression in the 
aspect of magnetic properties.  
In this study, based on the experimental results of crosstalk mentioned in chapter 2, 
first the mechanism of crosstalk suppression of magnetic films will be discussed in terms 
of permeability and resistivity. Next, when the magnetic film is placed on the signal lines 





































Fig. 4.3 Extra mutual capacitance and impedance generated by the cover of magnetic 
















as 𝐿f and 𝐶f. In order to quantitatively confirm the inductance influence of magnetic films 
and study the equivalent circuit of magnetic film-covered microstrip lines, the calculation 
of magnetic flux density inside the magnetic film in the cross section will be introduced.  
Additionally, as per the experimental results mentioned in chapter 2, the Co-Zr-Nb film 
provides good near/far crosstalk suppression, as well as good shielding effect and 
conductive loss simultaneously. It is also selected as a representative example in the 
mechanism study in this chapter.     
4.2 Discussion of permeability and resistivity     
4.2.1  Simulation of crosstalk      
Similar to the simulation method introduced in chapter 3, a model that has the same 
dimension and structure to the experiment was established. In the conditions of blank and 
film-covered, the simulated results of near and far-end crosstalk compared to the 
measurement results are shown in Fig. 4.4 (a) (b). This shows that the simulation results 
agree with the measurement results, which also confirms the validity of simulation.   
As described in chapter 3, in order to study the mechanism of the magnetic film’s 
crosstalk suppression, and to confirm the contribution of permeability and resistivity 
towards crosstalk suppression, additional three types of assumed films were created in 
the simulation. The permeability and resistivity are shown in table 4.1.  
Film A has a constant permeability of vacuum i.e. 𝜇0. The resistivity of film A is the 
same value as that of the Co-Zr-Nb film. Film A has no permeability influence on 
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Table 4.1 Assumed film A to C 
Film Permeability, μ Resistivity, 𝝆 μΩ∙cm 
Co-Zr-Nb μ1( f ) 120 
A μ0 120 
B μ1( f ) ∞ 















Film B has the same permeability as that of Co-Zr-Nb film and an infinite resistivity. 
Thus, only permeability influence exists and eddy current loss is absent in film B, in 
contrast to film A. These two cases are aimed to separate the FMR loss and eddy current 
loss in order to clarify their individual contribution.  
Film C’s permeability is twice the value of permeability of the Co-Zr-Nb film while 
the FMR frequency does not change and is the same as shown by the blue line in Fig. 3.4. 
The resistivity is the same value as that of the Co-Zr-Nb film. This case is aimed to check 
the quantitative relationship between the numerical value of permeability and crosstalk 
suppression.   
4.2.2 Mechanism discussion of permeability and resistivity       
The simulated results of each assumed film A to C and the original Co-Zr-Nb film are 
shown as the broken lines in Fig. 4.5. The solid lines are measurement results that were 
already shown in chapter 2.  
(1) Near-end crosstalk 𝑠31 
The measurement and simulation results of near-end crosstalk 𝑠31 are shown in Fig. 
4.5 (a) with the frequency from 0.1 GHz to 10 GHz. In low frequency, the lines of film-
covered cases overlap with those of blank, indicating that the covering of the magnetic 
film is not effective to near-end crosstalk in the low frequency. However, in the frequency 
of 1 GHz to 10 GHz, the effect of magnetic films is obvious as shown in the enlarged 
figure of (b).  
Firstly, the result of film A where no permeability effect exists in the film is shown as 
a green broken line. It has an only large dip at around 5.5 GHz, which is similar to the 
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Fig. 4.5 Crosstalk results of assumed films A to C, (a) near-end crosstalk, (b) 
enlarged representation of near-end crosstalk in frequencies from 1 GHz to 10 GHz, 
(c) far-end crosstalk 
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film A is slightly shifted towards lower frequencies than that of blank. This is recognized 
as the effect of resistivity on the capacitance of the whole model. A similar result is 
obtained in the measurement result of the Co-Pd film as shown in chapter 2 Fig. 2.7 (a). 
As a result, when the value of permeability is low, there is little effect of permeability on 
crosstalk performance.  
Secondly, the result of film B where no eddy current loss exists in the film is shown as 
a blue broken line. In addition to the dip at around 6 GHz, there is another dip at around 
2.4 GHz. Owing to the frequency dependence of permeability that film B has, this dip is 
considered to be the result of FMR. Comparing the simulated result of the original Co-
Zr-Nb film, shown as a red broken line, the dip of film B is shifted towards lower 
frequency, which ranges from 2.7 GHz to 2.4 GHz. This difference is considered to be 
the reason for eddy current. As a result, it is indicated that the dip of the Co-Zr-Nb film 
that has a near-end crosstalk suppression about 7 dB at around 2.7 GHz as a result of 
FMR.  
Finally, the result of film C that has twice value of permeability and the same resistivity 
of the Co-Zr-Nb film is shown as an orange broken line. Similar to film A, only one dip 
exists for film C, however this dip occurs at around 4.1 GHz. Therefore, the dip of film 
C is considered to be the result of both FMR and eddy current. On the other hand, the 
value of the dip is larger than that of the original Co-Zr-Nb film and film B, which shows 
that the high value of permeability may lead to a better near-end crosstalk suppression.  
(2) Far-end crosstalk 𝑠41 
The measurement and simulation results of far-end crosstalk 𝑠41 are shown in Fig. 4.5 
(c) with frequencies from 0.1 GHz to 10 GHz. In the low frequency range before 1 GHz, 
the results of film-covered microstrip lines are slightly higher (about 3 dB) than those of 
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blank, which shows that the covering of magnetic film will causes a slight increase in far-
end crosstalk at low frequencies. In the frequencies above 1 GHz, dips are generated when 
each of magnetic films are placed on the signal line.  
First, the result of film A that has the permeability of vacuum and the same resistivity 
as that of the Co-Zr-Nb film has a flat depression in the frequency range of 1–4 GHz. This 
is because of the resistivity, which is similar to the measurement result of Co-Pd granular 
film as shown in Fig. 2.7 (b).  
Then, the result of film B is shown as a broken blue line such that no eddy current loss 
exists in the film. One dip occurred at around 2.4 GHz that indicates this dip is not the 
result of LC resonance, rather the result of FMR of the magnetic film. The frequency at 
which the dip occurred is a slightly smaller than that of the original Co-Zr-Nb film, which 
is considered to be the result of resistivity difference. In other words, this small shift of 
frequency is affected by the capacitance change.  
Finally, the result of film C that has twice value of permeability and the same resistivity 
of the Co-Zr-Nb film is shown as an orange broken line. Owing to the similar frequency 
dependence of permeability that has the same FMR frequency, this result has a dip at 
around 3.6 GHz. Compared with the result of the Co-Zr-Nb film, the dip-frequency of 
film C is higher than that of the Co-Zr-Nb film; this the mechanism is considered to be 
the same as that mentioned in the result of Ploss/Pin.  
In the results of the original Co-Zr-Nb film and film B, the frequency of dips that 
resulted by permeability in 𝑠31 is the same as that of 𝑠41. As maximum conductive loss 
is considered to be the reason for the shifted FMR frequency leading to maximum energy 
absorption, it is indicated that the mechanism of these dips may also be explained by the 
shifted FMR frequency. On the other hand, in the results of film C, the dip-frequency of 
87 
 
𝑠31 (at 4.1 GHz) is different with that of 𝑠41 (at 3.6 GHz). The frequencies corresponding 
to dips between 𝑠31 and 𝑠41 in the results of the Co-Zr-Nb film and film B proves that 
the dips of 𝑠31 at 4.1 GHz are the overlap result of FMR permeability and LC resonance.      
4.2.3 Demonstration of FMR influence to crosstalk suppression       
Another demonstration has been carried out in order to confirm whether the dips in 
crosstalk are related to the FMR permeability of magnetic film. Fig. 4.6 shows an 
experimental setup where a magnet was placed beside the paralleled signal lines. The 
magnetic field generated by the magnet flows approximately vertically through the 
longitude of the signal line, and the direction of this magnetic field is also vertical to the 
easy axis of the magnetic film. The distance between the magnet and magnetic film is 
designed from 23 mm to 35 mm; closer the distance between them, stronger the magnetic 
field added to the film.  
With the cover of three types of different magnetic films mentioned in chapter 2, the 
measurement results of magnetic field added crosstalk is shown in Fig. 4.7.  
(1) In the results of the Co-Zr-Nb film, when the magnet is brought close, the original 
dips in near and far-end crosstalk at 2.7 GHz are shifted to a lower frequency and finally 
disappear when the distance is lower than 23 mm. (2) In the results of the Co-Pd granular 
film, the curves nearly overlap when the distance changes, and the movement of magnetic 
moments does not affect the crosstalk performance. The low value of permeability is 
considered to be the reason. (3) In the results of the Ni-Fe magnetic film, the near-end 
crosstalk at varying distances are nearly the same while in the results of far-end crosstalk, 
a similar tendency occurs as that observed in the Co-Zr-Nb film.  
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added ambient magnetic field becomes stronger, which makes the magnetic moment 
gradually move towards the direction of the added magnetic field. Finally, when the 
magnet becomes closer to the film, the added magnetic field becomes stronger and 
reaches saturation. Therefore, the phenomenon of FMR property vanishes and the dips of 
crosstalk gradually disappear. 
4.3 Calculation of magnetic flux density inside 
magnetic film through characteristic length     
4.3.1 Theoretical calculation of magnetic flux density         
As mentioned in the introduction part of this chapter, in order to quantitatively confirm 
the inductance influence of magnetic film and study the equivalent circuit of magnetic 
film-covered microstrip lines, the calculation of magnetic flux density inside the magnetic 
film in the cross section is necessary to be analyzed.  
According to Ref. [9], a circle in the cross section around the signal line is created as 
shown in Fig. 4.8. For each of the lines 1, 2, 3, and 4, a corresponding formula is 
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𝜙1( )
Fig. 4.8 Cross section of microstrip lines covered by a magnetic film, magnetic field 
is calculated based on circle the 1234 through Ampere’s law 
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                 (4.6) 
where 𝐻𝑎 (hereafter a = 1–4) is the magnetic field, ∆ 𝑎  is the variable length of the 
magnetic circle, 𝜙 is the magnetic flux, Δ  is the variable length in the cross section, w 
is the length of magnetic film, 𝜇0  is the permeability of vacuum, 𝜇1  and  𝑡1  are the 
relative permeability and thickness of dielectric layer SiO2 between the signal line and 
ground, respectively. Similarly 𝜇2 and 𝑡2 are the relative permeability and thickness of 
the magnetic film, respectively, 𝑔𝑎  is the distance between the magnetic film and 
dielectric layer.  
  Then, the total current I is calculated as the integral of (4.3)–(4.6) 
∮𝐻𝑑 =  =
𝛥𝑥
𝛿
𝐼                      (4.7) 
where δ is the width of signal line. The general solution of (4.7) is shown as  





𝜆                   (4.8) 
where 𝜙3( ) is the distance dependence of magnetic flux inside the magnetic film. x is 
the distance from the edge of the signal line to infinity. 𝐴1 and 𝐴2 are constant values 
determined by boundary conditions. The final solution is transferred to magnetic flux 
density divided by area S as  
𝐵( ) = 𝐵0𝑒
− 
𝑥
𝜆                        (4.9) 
where λ is defined as the characteristic length, which is the distance from the edge of the 
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signal line to the place where the magnetic flux intensity becomes 1/e, as shown in Fig. 








                       (4.10) 
4.3.2 Result of characteristic length         
  Based on (4.10), the calculated result of characteristic length λ is shown in Fig. 4.10. 
The real part of λ becomes greatest at 2.7 GHz, and then gradually reduces to 0. In contrast, 
the imaginary part of λ becomes least at 3.0 GHz, implying that it dominates in the 
magnetic flux distribution at frequencies greater than the FMR frequency.    
In this calculation, the demagnetizing field is considered, and thus, the shifted FMR 
frequency is included in the results. Furthermore, in (4.10), 𝜇2  is the complex 
permeability of the magnetic film, which is shown in Fig. 3.3. The FMR frequency is 
located at around 1.1 GHz while the peak value of λ is at 2.7 GHz. This indicates that λ 
shifts to higher frequencies owing to the demagnetizing field.  
4.3.3 Result of distribution of magnetic flux density B           
The result of λ can be speculated in the alternated distribution of the B vectors and the 
attenuated value of B along the increasing distance, as shown in Fig. 4.11 (a). To verify 
these speculations quantitatively, the B vector of the magnetic flux density and B 
distribution inside the magnetic film in the cross-section were estimated through the 
simulation and characteristic length analysis (Eq. (4.9), as shown in Fig. 4.11(b) and (c), 
respectively). They show the results of the instantaneous value of B when B is maximum 











































Fig. 4.9 Assumed distribution of magnetic field inside the magnetic film in the cross 
section. Characteristic length λ is the distance from the edge of the signal line to the 












































Fig. 4.10 Calculated result of the frequency dependence of characteristic length that 
has a real part and an imaginary part  
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Fig. 4.11 (b) is the simulated result of B vectors distribution in the cross section. As it 
is observed, the orientation of B vectors is concentrated and distracted alternately along 
the distance. The value of B is also attenuated and decreased along the distance.  
Fig. 4.11 (c) is the calculated result of (4.9), which shows that the value of B decreases 
along the distance and exists an intersection point with zero axis (around 420 μm), 
corresponding to the place comprising the B vector concentration in Fig. 4.11 (b). The 
value then decreases negatively, oscillates weakly, and gradually becomes null as the 
distance from the signal line edge increases. In case of the distance of less than 200 μm, 
the characteristic length analyzed result almost agrees with the simulation result, and thus 
satisfactorily explains the B vector distribution in Fig. 4.11 (b). However, in the cases of 
distances greater than 200 μm, the analyzed characteristic lengths and simulated results 
differ slightly; this may be ascribed to either the influence of the local demagnetizing field 
and/or calculation accuracy. 
Hence, the magnetic flux density distribution inside the magnetic-film-type noise 
suppressor could be quantitatively estimated by calculating the characteristic length. 
Magnetic flux density is distributed like “magnetic poles” in the cross section of the 




























































Fig. 4.11 (a) Distribution of magnetic flux density inside the magnetic film, (b) 
simulated result of magnetic vector distribution, (c) distance dependence of magnetic 
flux density: results of simulation and calculation.     
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4.4 Summary      
In this chapter, first, the capability of crosstalk suppression of magnetic films is 
confirmed. The simulated results agree with the experimental results. The dip-frequencies 
in near and far-end crosstalk correspond to the maximum conductive loss of the magnetic 
film. The mechanism of dips in near and far-end crosstalk is due to the maximum 
absorption and shifted FMR frequency.  
Second, through the calculation of the characteristic length, the distribution of 
magnetic flux density inside the magnetic film was clarified numerically. The results 
demonstrated that the complex permeability of the magnetic film leads to a complex 
characteristic length, thus resulting in the formation of distributed magnetic poles along 
the film width. In addition, the results show that these distributed magnetic poles must be 
considered in terms of inductive crosstalk and conduction loss in the design of patterned 
magnetic-film-type noise suppressors. Furthermore, the inductance coupling of the 
magnetic film may be clarified based on the results of magnetic flux density distribution.  
Based on these results, this study may aid the quantitative evaluation of crosstalk 
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Chapter 5               
Conclusion    
5.1 Summary   
In this thesis, a model of a magnetic film placed on a microstrip line was established 
in order to simplify the complicated film-covered IC chip design. Inductive, conductive, 
and crosstalk noise suppression capabilities of three different magnetic films were 
measured by the proposed method. The mechanism studies were carried out by creating 
a same model as that of the experiment in a 3-dimension full wave electromagnetic 
simulator. All the results may aid in completing the design guidelines of magnetic film-
type noise suppressors used in IC chips.  
The content of each chapter is summarized below. 
In chapter 2, a method that can evaluate both inductive and conductive noise 
suppression capability of magnetic films was proposed. Thereby, the magnetic shielding 
effect, conductive loss, and crosstalk suppression of three types of magnetic films were 
measured. The most obvious shielding effect and conductive loss were in the case of the 
Co-Zr-Nb film, in which the frequency corresponding to the maximum shielding effect 
and maximum conductive loss were different. Furthermore, it shows that minimum 
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shielding occurred at the frequencies where the conductive loss became the highest.    
In chapter 3, a model with the same structure and dimension of the experiment was 
created in a 3-dimension full wave electromagnetic simulator, in order to study the 
contribution of permeability and resistivity on the shielding effect and conductive loss. In 
the results, the maximum shielding effect corresponded to the FMR frequency while the 
maximum conductive loss corresponded to the shifted FMR frequency. The shift of FMR 
frequency is considered to be the result of demagnetizing field that is generated inside the 
magnetic film in the opposite direction to the magnetic field generated by the signal line.  
The frequency of maximum near-field shielding is dominated by the FMR frequency. 
Doubling the permeability and halving the resistivity improves the shielding effect by 
about 3 dB. It is because higher permeability provides better concentration of magnetic 
flux, and lower resistivity increases the eddy current loss. In addition, the frequency of 
maximum conductive loss is dominated by the shifted FMR frequency, where the FMR 
loss becomes the greatest. In the shifted FMR frequency, the magnetic near-field shielding 
becomes the lowest owing to the magnetic circuit resonance.  
In chapter 4, the magnetic film provides good crosstalk suppression in particular 
frequencies. Except for the LC resonance, the dip-frequencies in crosstalk agree with the 
calculated shifted FMR frequency. Mechanism study of the crosstalk suppression of 
magnetic films was conducted in order to clarify the contribution of permeability and 
resistivity on crosstalk suppression. The results show that there are dips in both near and 
far-end crosstalk, where the dip-frequencies corresponded to those of maximum 
conductive loss. It is concluded that the shifted FMR frequency is the reason for these 
dips in the crosstalk results. 
In conclusion, first, the contributions of the magnetic materials' individual permeability 
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and resistivity were clarified quantitatively. Then, the interaction between shielding 
effectiveness and conductive loss was confirmed in the same frequency spectrum. Finally, 
the crosstalk performance of each type of magnetic film and the corresponding 
mechanism were confirmed. The obtained results may contribute towards the design of 
magnetic film-type noise suppressors in IC chips.  
5.2 Outlook  
Currently, the magnetic films discussed are only a small part of the entire magnetic 
family. The composition of different types of materials, including non-magnetic materials, 
is expected to have higher permeability and lower resistivity. Magnetic materials with 
metals such as copper and different fabrication methods are desired to obtain better 
flexibility. Magnetic compositions with non-magnetic materials such as carbon are 
expected as well to obtain better corrosion resistance.  
In addition, for the further study of crosstalk suppression capability, the calculation of 
the distribution of magnetic flux density inside the magnetic film is the first step. An 
equivalent circuit is necessary in order to investigate the changes of mutual inductance 
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